Background. Little information is available regarding the effect of conventional radiotherapy on gliomarelated seizures.
S eizures are the most common presenting symptom of slowly growing diffuse gliomas, especially low-grade gliomas. 1 -3 Gross total resection is strongly associated with tumor-related seizure control. 4 -7 However, despite the favorable effect of surgery and the best treatment with antiepileptic drugs (AEDs), 8, 9 a number of patients still have seizures over the course of the disease. The persistence of seizures and the use of AEDs may negatively influence quality of life and cognitive functions. 10, 11 Radiation delivered via different modalities, such as interstitial brachytherapy, 12, 13 Gamma Knife radiosurgery, 14 or conventional external radiotherapy, 15, 16 can improve seizure control in both low-and high-grade gliomas. In this regard, the efficacy of conventional radiotherapy has been supported by the results of the European Organisation for Research and Treatment of Cancer phase III trial 22845 in low-grade gliomas, showing that at 1 year after surgery 25% of patients who received adjuvant radiotherapy had seizures compared with 41% of those who had observation alone. 17 Moreover, a recent retrospective study found radiotherapy to be a positive prognostic factor in terms of seizure control. 18 Our aim in this current retrospective study, performed on a cohort of patients with diffuse gliomas of the adult treated at a single institution, was 2-fold: to describe seizure reduction and outcome after conventional radiotherapy and to explore the factors associated with seizure control.
Materials and Methods

Patient Selection and Data Collection
Patient information was collected from the database of the Department of Neuro-Oncology, University Hospital of Torino, Italy, for patients treated between 1989 and 2009. The patients who met the following criteria were included in the study: (i) histologically verified hemispheric World Health Organization (WHO) grade II astrocytoma, oligodendroglioma, or oligoastrocytoma or histologically verified hemispheric WHO grade III astrocytoma, oligodendroglioma, or oligoastrocytoma with a preexisting history of low-grade glioma (duration of seizures before surgery .1 year and nonenhancing lesion on MRI); (ii) medically intractable epilepsy (seizure frequency .1 per month despite adequate serum concentrations of AEDs) and absence of any neurological deficit; (iii) focal radiotherapy in a conventional fractionation (1.8 -2 Gy per fraction, 5 d/wk), delivered either early (within 8 wk of surgery) or late at tumor progression; (iv) no use of chemotherapy during radiotherapy and up to 12 months after the end of radiotherapy; (v) availability of MRI scans before and after radiotherapy with measurable disease and absent or mild contrast enhancement; (vi) Karnofsky performance status score ≥70; (vii) age ≥18 years.
We excluded from the study those patients who displayed a reduction of seizures during and up to 12 months after the end of radiotherapy and had a concurrent change of regimen or increase in AED dosage because the reduction of seizures could not be attributed solely to radiotherapy. Conversely, we did not exclude patients whose seizure status worsened and who needed a change of medication during and after radiotherapy; in the analysis, these patients were not considered to have a reduction of seizures following radiotherapy.
Data pertaining to patient demographics, seizure characteristics, therapeutic management, and outcome were retrieved from the database as well as from outpatient clinical notes of follow-up visits or telephone calls. The local institutional review board approved this retrospective study.
Assessment of Seizure Reduction and Response on MRI
The seizure frequency was reported by the patients based on a seizure diary, without confirmatory electrophysiological testing.
We analyzed the seizure frequency before radiotherapy (baseline evaluation) and at 3, 6, and 12 months after radiotherapy. Seizure reduction was considered significant when a ≥50% reduction in seizure frequency compared with baseline was observed, with concomitant AEDs being unchanged. Any change (decrease or increase) of seizure frequency ,50% was considered as no change, while an increase in seizure frequency ≥50% was considered as a significant increase.
Response of tumor on MRI was evaluated at 3, 6, and 12 months after radiotherapy according to Macdonald criteria adapted to low-grade gliomas. 19, 20 These criteria are based on changes in tumor size defined as the product of the two largest perpendicular diameters of the T2 or fluid attenuated inversion recovery (FLAIR) hypersignal lesion in nonenhancing tumors. In tumors displaying contrast enhancement, response criteria took into consideration the size of the T1 postcontrast enhancement as well. In brief, a complete response (CR) was defined as complete disappearance of all T2/FLAIR hypersignal and T1 postcontrast enhancing lesions. A partial response (PR) was defined as .50% reduction in size in both nonenhancing and enhancing (when present) lesions from baseline. Minor response (MR) was defined as a 25% to 50% reduction in the size of nonenhancing tumors; in patients with enhancing tumors, disappearance of all contrast enhancement and stable T2/FLAIR hypersignal lesion size were also considered to be MR. Stability or a reduction in the corticosteroid dose and stable neurological status were required to qualify for CR, PR, and MR. Progressive disease (PD) was defined as a .25% increase in the size of the T2/ FLAIR hypersignal or contrast enhancement, any new tumor on MRI scans, or tumor-related neurological deterioration in patients on stable or increased doses of corticosteroids. Stable disease was defined as any other clinical status not meeting the criteria for CR, PR, MR, or PD. The radiographic responses were reviewed independently by 2 investigators who were kept unaware of seizure response. Because many patients had MRI examinations with different MRI machines during the long time interval covered by the study and because the distinction between MR and PR was often difficult, we grouped together MRs and PRs into the category of objective responses.
Assessment of Seizure Outcome
Seizure outcome at 3, 6, and 12 months after radiotherapy was evaluated using the Engel classification of seizures 21 : class I, seizure free; class II, rare seizures; class III, meaningful seizure improvement; class IV, no seizure improvement or worsening.
Statistical Analysis
Baseline demographics and clinical characteristics of the cohort were described using either mean and standard deviation (SD) or median and interquartile range (IQR) for the continuous variables and using percentage frequencies for the categorical variables.
We selected a priori the following factors as potentially associated with seizure control: age, sex, tumor type (astrocytoma vs oligodendroglioma or oligoastrocytoma), tumor grade (WHO grade III vs II), tumor location (temporal vs extratemporal), tumor enhancement on MRI (present vs absent), extent of surgery (partial or subtotal resection vs biopsy), timing of radiotherapy (early or late), seizure type (simple partial vs complex partial vs other), seizure frequency (≥1 per wk vs ,1 per wk), duration of seizures before radiotherapy, AEDs (polytherapy vs monotherapy), and steroid use (yes vs no). Age and duration of seizures were considered both as continuous and as categorical variables.
To obtain estimates not influenced by extreme values, the duration of seizures was logarithmically transformed.
For outcome analyses, Engel classification was dichotomized as class I (seizure freedom) versus classes II-IV.
To identify those variables that might be associated with seizure control in terms of both reduction of seizures and seizure freedom, we estimated crude and adjusted odds ratios (ORs) and 95% confidence intervals (CIs) using univariate and multivariate logistic regression models. In the multivariate model, we included the variables that showed stronger association in univariate analysis along with the few known prognostic factors, to take into account the most important confounders. Because timing to radiotherapy and duration of seizures were strongly associated, we used 2 different models.
Owing to the reduction in the sample size after 3 months, we performed only univariate analyses to explore factors associated with seizure control at 6 and 12 months.
All analyses were also repeated, as sensitivity analyses, for patients with a histologic diagnosis of grade II glioma only.
To evaluate the association between radiological and seizure response, we used the chi-square test.
All analyses were performed using Stata 11.2.
Results
Population Characteristics
We found 43 patients with histologic diagnoses of grade II (n ¼ 33) or III (n ¼ 10) glioma and medically intractable epilepsy who received focal radiotherapy and who were eligible for the study. Patient characteristics are reported in Table 1 ; their distribution among the whole population did not significantly differ in comparison with grade II tumors alone. Nine of these patients had incomplete data at 6 and 12 months and were excluded from the analysis for these time points. Forty-one patients received a total radiation dose of 50-60 Gy, whereas 2 patients received totals of 39.6 and 46.8 Gy because of side effects (headache, nausea, vomiting) during treatment. Nineteen patients (14 with grade II gliomas, 5 with grade III gliomas) received early radiotherapy after surgery, and 24 patients (19 with grade II gliomas, 5 with grade III tumors) received late radiotherapy at tumor progression after either observation (grade II tumors) or upfront chemotherapy (grade III tumors).
During the long period covered by this retrospective study (20 y), the opinions of the different physicians regarding the optimal timing of radiotherapy in low-grade gliomas, in relation to the patients' characteristics, were not uniform; therefore the choice between early and late radiotherapy was individually based and quite variable. In general, intractable epilepsy in this series was not the sole reason to start radiotherapy.
Twenty-five patients had simple partial seizures (23 motor and 2 sensory), 10 complex partial seizures, 4 secondary generalized seizures, and 4 generalized tonic-clonic seizures. Seizure frequency varied greatly: 11 patients had ≥1 seizure per day, 14 patients had ≥1 seizure per week, and 18 patients had ≥1 seizure per month. The median duration of seizures before radiotherapy was 12 months (range 3 mo to 12 y). All patients had an increase in seizure frequency over time prior to radiotherapy.
Regarding AED use, 20 patients received monotherapy with oxcarbazepine (7 patients), carbamazepine (6 patients), phenobarbital (5 patients), lamotrigine (1 patient), and levetiracetam (1 patient). Twenty-three patients received a combination of AEDs: 16 patients received 2 AEDs, 6 patients received 3 AEDs, and 1 patient received 4 AEDs. Eleven of the 43 patients were receiving steroids at the start of radiotherapy. Twenty-four patients received chemotherapy (procarbazine/lomustine/vincristine [PCV] or temozolomide) at some point in their disease course, but never concurrently or after radiotherapy for the time period covered by the study (12 mo) . The median duration of follow-up was 12 months (range, 3-120 mo).
Seizure Reduction After Radiotherapy
When considering the whole population, at 3 months after radiotherapy, seizure frequency was significantly reduced in 31/43 patients (72.1%; 95% CI: 56.3 -84.7%). The reduction of seizures began during radiation therapy (more commonly 2-3 wk after start) in 23/43 (53.5%) patients. Because between 6 and 12 months no patients were lost or changed seizure status, we reported the evaluation at 12 months only. At 12 months after radiotherapy, seizure frequency was significantly reduced in 26/34 patients (76.5%; 95% CI: 58.8 -89.3%).
All patients who had a reduction of seizure frequency at 3 months maintained the reduction at 6 and 12 months.
The results did not change when we considered the 33 patients with grade II gliomas: at 3 months after radiotherapy, seizure frequency was significantly reduced in 25/33 patients (75.8%; 95% CI: 57.7-88.9%), whereas at 12 months after radiotherapy, seizure frequency was significantly reduced in 19/25 patients (76%; 95% CI: 54.9-90.6%).
Among patients with grade III tumors, 6/10 (60%; 95% CI: 26.2 -87.8%) and 6/9 (66.7%; 95% CI: 40.0 -97.2%) patients had a significant reduction of seizures at 3 and 12 months, respectively.
Relationships Between Response on MRI and Seizure Reduction
We did not observe any CR. At Overall, at 3 months after radiotherapy, 15 (83.3%) of 18 patients who had a response on MRI had also a seizure reduction compared with 16 (64%) of 25 patients who did not have a response on MRI but had a seizure reduction (P ¼ .163). At 6 months after radiotherapy, 12/14 patients (85.7%) who had a response on MRI had also a seizure reduction compared with 14/20 (70%) who did not have a response on MRI but had a seizure reduction (P ¼ .288). At 12 months after radiotherapy, the seizure response rate was 77.8% in patients who had a response on MRI and 76% in patients without a response on MRI (P ¼ .914).
When considering grade II tumors only, at 3 months after radiotherapy 12 (80%) of 15 patients who had a response on MRI had a seizure reduction compared with 13 (72.2%) of 18 patients who did not have a radiological response but had a seizure reduction (P ¼ .604). At 6 months after radiotherapy, 9/11 patients (81.8%) with a response on MRI had a reduction of seizures compared with 10/14 patients (71.4%) who did not have a radiological response but had a seizure reduction (P ¼ .546). At 12 months after radiotherapy, 6/8 patients (75%) with a response on MRI had a seizure reduction compared with 13/17 patients (76.4%) without a radiological response who had a seizure reduction (P ¼ .936).
Seizure Outcome After Radiotherapy
The seizure status was the same at 6 and 12 months after radiotherapy; thus, in the text and in Fig. 1 the seizure outcome is reported at 3 and 12 months after radiotherapy.
When considering the whole population, at 3 months after radiotherapy 15/43 patients (35%) were seizure free (class I), 2/43 (5%) had rare seizures (class II), 14/ When considering grade II tumors, at 3 months after radiotherapy 10/33 patients (30%) were seizure free (class I), 1/33 (3%) had rare seizures (class II), 14/33 (43%) had a meaningful improvement in seizures (class III), and 8/33 (24%) had no improvement or worsening (class IV). At 12 months after radiotherapy, 8/25 patients (32%) were seizure free (class I), 1/25 (4%) had rare seizures (class II), 10/25 (40%) had a meaningful improvement of seizures (class III), and 6/25 (24%) had no improvement or worsening (class IV).
Among the 13 patients who were seizure free at 12 months, none was able to discontinue AEDs, whereas in 6 patients (5 grade II and 1 grade III) AEDs were significantly tapered (from polytherapy to monotherapy), and 4 patients were seizure free at 12 months.
None of the clinicopathological factors analyzed predicted seizure control at 12 months.
Factors Influencing Seizure Reduction and Seizure Freedom After Radiotherapy
The distribution of clinicopathological factors in relation to seizure reduction and seizure freedom at 3 months after radiotherapy is reported in Table 2 . Univariate analysis showed that seizure reduction was significantly associated with duration of seizures prior to radiotherapy (OR 7.92, 95% CI: 1.47 -42.54, P ¼ .016) and timing of radiotherapy (OR 6.3, 95% CI: 1.39 -28.46, P ¼ .017). In particular, the proportion of patients with seizure reduction at 3 months after radiotherapy was 52.6% in the early radiotherapy group compared with 87.5% in the late radiotherapy group.
Duration of seizures prior to radiotherapy and timing of radiotherapy were associated, and multivariate analysis showed that each variable maintained statistical significance when the other one was removed from the model ( Table 3 ). Because the difference in duration of seizures seemed to reflect the differences between early and late radiotherapy, we analyzed the distribution of clinicopathological factors according to the timing of radiotherapy (Table 4 ). Patients who received early radiotherapy had more biopsies (42% vs 25%), more simple partial seizures (68.4% vs 50%), and more AED polytherapies (58% vs 50%) than did patients who received late radiotherapy; however, these differences did not reach statistical significance.
Seizure freedom was not associated in univariate analysis with any clinicopathological factor at 3 months; when we performed multivariate analysis, the duration of seizures prior to radiotherapy was significant (P ¼ .007; Table 3 ).
At 12 months after radiotherapy (Table 5) , seizure reduction was significantly correlated with duration of seizures prior to radiotherapy in univariate analysis (OR 13.22, 95% CI: 1.4 -124.9, P ¼ .024).
We obtained similar results when performing the statistical analysis for grade II tumors.
Discussion
Limited data are available regarding the effect of radiotherapy on glioma-related seizures. Stereotactic interstitial irradiation improves seizure control in 40% -100% of unresectable low-grade gliomas, 12, 13 whereas Gamma Knife radiosurgery is helpful in mesiotemporal tumor -related epilepsy. 14 Two small series have suggested that conventional radiotherapy can improve seizure control in both low-and high-grade gliomas with medically intractable epilepsy. The first series reported a reduction of seizure frequency of more than 75% in 4 of 5 patients with unresectable low-grade astrocytomas, and 1 patient became seizure free for as long as 8.2 years. 15 The second study evaluated the effects of radiotherapy in 7 patients with malignant gliomas: all subjects had a reduction in seizure frequency, and 4 patients became seizure free for 2-12 months. 16 Soon after both interstitial and external irradiation, seizure frequency was reduced.
Our current study analyzed the effect of conventional radiotherapy on seizure control in a larger series of slowly growing gliomas treated in the contemporary MRI era and explored the clinicopathological factors affecting seizure control.
Most of our patients had grade II gliomas, but we also considered some patients with grade III gliomas with a preexisting history of a low-grade tumor (long duration of seizures and nonenhancing pattern on MRI before radiation), because the endpoint of our study was seizure control and not survival parameters such as progressionfree or overall survival.
We used 2 different measures to evaluate the effect of radiotherapy on seizures: the reduction in seizure frequency, because it reflects changes in the epilepsy burden, and the Engel classification, because it mainly reflects freedom from seizures.
Regarding the reduction of seizures after radiotherapy, this study confirms and expands the results of the previous studies. Focal radiotherapy allowed a significant reduction of seizure frequency in a high proportion of patients (72% in the whole series and 76% in grade II patients) by 3 months after the end of treatment. The maximum effect of radiation on seizures manifested early and did not increase significantly over time. Because 6 of the 9 patients lost at follow-up already had a response at 3 months, we can hypothesize that this loss has not biased our results at longer time points.
The maximum tumor response on MRI was observed at 3 months both for the whole population (42%) and for patients with grade II tumors (45%). We cannot exclude the possibility that some of the 9 patients lost to follow-up between 3 and 12 months could have had a further tumor reduction on MRI, but this could be the case only for the 3 patients with stable disease at 3 months, because the remaining patients already had either a PR (n ¼ 3) or PD (n ¼ 3). Likewise, an earlier study measuring the response on CT of 21 patients with low-grade gliomas after conventional radiotherapy 22 found a median time to maximum radiological response of 2.8 months and a response rate (PR) of 52%. Conversely, when the velocity of diametric expansion was measured over time, a prolonged postradiotherapy tumor volume decrease (median time, 42 months) as shown on MRI was reported in a recent series of 33 low-grade gliomas. 23 Seizure reduction was observed more often among patients displaying an objective tumor response on MRI; but as reported in earlier studies, 15, 22 patients with no change on MRI also had a significant seizure response. The lack of a strict association between seizure reduction and MRI shrinkage is reinforced in this study by the observation that some patients who developed a tumor progression on MRI at either 6 months (n ¼ 2) or 12 months (n ¼ 7) did not have increased seizure frequency; the same finding has been reported in 2 recent series. 3, 18 The efficacy of chemotherapy with alkylating agents (eg, PCV, temozolomide) in improving seizure control in patients with low-grade gliomas is even better recognized, and the patterns of response seem similar to those reported after radiotherapy. Overall, .50% of patients receiving chemotherapy for progressive low-grade gliomas had a significant reduction in seizure frequency irrespective of radiographic tumor response. 19,20,24 -30 Recent studies have reported that after chemotherapy, the decrease in tumor volume is progressive, and in some instances it can be prolonged after the interruption of chemotherapy. 31, 32 Both tumor-and treatment-related factors affecting the response of seizures to radiotherapy have not yet been defined 2 except for radiation dose, which does not seem to be important. 33 In our study, timing of radiotherapy and duration of seizures prior to radiotherapy were significantly associated with seizure reduction at 3 months. In particular, a lower rate of seizure reduction was observed among patients who received early radiotherapy compared with those who received late radiotherapy (52.6% vs 87.5%). A possible explanation of this difference is that among patients who had early radiotherapy, there was a prevalence of factors negatively affecting seizure control (such as a larger tumor size after surgery) or of factors reflecting a more resistant epilepsy, such as simple partial seizures and need for multiple AEDs. All these factors could not have reached statistical significance owing to the small sample size and the retrospective nature of the study. On the other hand, these findings could suggest that in low-grade and anaplastic gliomas, salvage radiotherapy (ie, postponed at tumor progression) after either observation or chemotherapy is at least as effective as early radiotherapy in terms of seizure control; however, this cannot be interpreted as a factor in favor of delaying radiotherapy as a general strategy, because we did not analyze the correlation between timing of radiotherapy and outcome. In this regard, phase III studies in low-grade 17 and anaplastic gliomas 34 suggest that postponing radiotherapy at tumor progression is not detrimental for overall survival.
Achieving freedom from seizures after treatment is of utmost importance for patients with low-and intermediate-grade gliomas, in whom an extended survival can be expected, but there are no available data in the literature with regard to radiotherapy. In this study, we found that following radiotherapy, 30% -35% of patients were seizure free at 3 months and 32% -38% at 12 months. This rate is lower than that reported after surgery: a recent systematic literature review of 773 patients with low-grade gliomas across 20 series reported that 71% were completely seizure free (Engel class I) at 12 months, and gross total removal was most predictive of seizure freedom. 7 In our series, most patients underwent a biopsy or partial resection due to the extension or critical location of tumors, and thus the large tumor size could have hindered the probability of seizure control after radiotherapy; future studies must address this issue. Among surgical series, in addition to gross total resection, other factors such as preoperative duration of seizures ≤1 year, preoperative seizure control on antiepileptic medication, and nonsimple partial seizures predicted seizure freedom. 6, 7 In this study, a long seizure duration did not preclude the possibility of achieving seizure control following radiotherapy. None of our patients was able to discontinue AEDs; perhaps the unwillingness of clinicians to withdraw antiepileptic medication due to fear of subtle tumor progression and subsequent exacerbation of epilepsy could have played some role.
The main limitations of our study were the relatively small number of patients (especially at 12 mo), the short postradiotherapy follow-up, and the long period that was retrospectively analyzed (20 y). We could not assess very precisely the response on MRI over time; for future prospective studies or clinical trials, the recently proposed Revised Assessment in Neuro-Oncology criteria for response assessment 35 must be employed, and volumetric measurements of the tumor could show a better correlation between the response of seizures and tumor shrinkage, but these methods need to be standardized and validated. Moreover, we were not able to analyze the duration of medical intractability of seizures prior to radiotherapy and the influence of intractable seizure duration on seizure reduction following radiotherapy. We did not collect information on quality of life and cognitive functions, which can be affected by both epilepsy burden 36 and radiotherapy. 33 Nonetheless, within the time of follow-up (12 mo), we did not observe any patient with severe cognitive decline and/or leukoencephalopathy on MRI. Another limitation of this study is that the number of patients with grade III tumors was too small to allow a separate analysis with regard to radiological response and clinical factors affecting seizure control; in any event, among these patients, the rate of seizure reduction was of the same order as that observed among patients with grade II tumors. A last point deserves a comment: both the early appearance of seizure reduction after radiotherapy and the absence of a strict correlation with the response on MRI reinforce the hypothesis that in addition to a direct antitumor effect, ionizing radiation could decrease seizure activity by damaging epileptogenic neurons or inducing changes in the microenvironment within the peritumoral tissue. 37 Why the radiation effects on seizures are seen early after treatment, while they are typically delayed with regard to tumor and normal nervous tissue, is unknown. In conclusion, this study has shown that a high proportion of patients with medically intractable epilepsy from diffuse gliomas of low and intermediate grade of malignancy derive significant and durable benefit from conventional radiotherapy in terms of seizure control and that this positive effect is not strictly correlated with tumor shrinkage on MRI. Moreover, radiotherapy at tumor progression seems as effective as early radiotherapy after surgery.
These preliminary results need to be validated within multicenter randomized studies. Ideally, these studies should prospectively collect information on seizure characteristics and treatment and should better define the correlation between seizure response and survival.
Ultimately, an effective treatment of tumor-related epilepsy needs a multimodality approach including both AEDs and antineoplastic modalities (surgery, radiotherapy, chemotherapy), and probably a "personalized" approach will offer the best results.
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